This study investigates the effects of phosphorus supplementation on the formation potential of total trihalomethanes (TTHM fp ) and five species of haloacetic acids (HAA5 fp ) during exposure to clearwell disinfection contact times. In addition, the study investigates the effects of phosphorus supplementation on the dissolved oxygen, organic carbon and nitrogen removal along with biofilm coverage of the filter media and biomass viability of the attached biofilm. The uptake of total phosphorus in the P enhanced filter did not correspond to the consumption of readily assimilated nitrogen or the consumption of soluble carbon. As such, the dissolved organic carbon reduction in the biologically active filters was shown to not be phosphorus nutrient limited. The clearwell TTHM fp was shown to be reduced in all filters across all measured biological filtration times in the control and P enhanced filters. The HAA5 fp increased with phosphorus-supplemented operation at specific filtration cycle times as compared to nonphosphorus-supplemented operation, indicating the potential for production of HAA5 with phosphorus supplementation. Enhanced biofilm coverage of the anthracite and sand media was observed during phosphorus supplementation. In addition, increased viability of the cells embedded in the biofilm was observed in the sand media at depth during phosphorussupplemented operation.
INTRODUCTION
Biofiltration for stable drinking water production has been shown to effectively meet particle removal goals, while simultaneously removing a wide range of dissolved organic and inorganic contaminants mostly by microbial communities that metabolize these chemicals (Zhu et al. ) . Natural organic matter (NOM) occurring in drinking water sources is a known precursor for disinfection byproduct (DBP) formation. NOM consists mainly of microorganisms and complex organic matter, as well as naturally occurring degradation products (Gopal et al. ) . It has been shown that bacteria and fungi can degrade components of dissolved organic matter (DOM), which is considered to constitute the majority of NOM and DBP precursors (Hur et al. ) , in addition to degrading DBPs once formed (McRae et al. ) . Microorganisms in source water and potable water are also thought to play a role in the formation of DBPs during disinfection processes (Wang et al. ; production of biologically stable waters but also to promote the degradation of DOM and DBP precursors (Lou et Lauderdale et al. ) can influence biodegradation of organics and ultimately the production of DBPs. In particular, the microbial activity is believed to be affected by the access to nutrients, with a deficiency of a nutrient having the potential to limit the microbially-mediated degradation of NOM. A carbon:nitrogen:phosphorus (C:N:P) ratio of 21:5:1 by weight has been reported as being required for optimal bacterial growth; however this ratio is not typically attained in a biofilter influent (Liu et al. ) . Some studies have shown phosphorus to be the limiting nutrient (Sang et al. chloramine is used as a secondary disinfectant and fluoride is added. The pilot biofilters were filled with media extracted from the full-scale biofilters and were configured to operate as the full-scale biofilters at the host site. The effluent from the full-scale sedimentation process was fed to the two pilot-scale biofilters by gravity. The influent water was saturated with oxygen; therefore, no air supply was used in the filters.
The average empty bed contact time (EBCT) of the pilot filters during the study was approximately 40 minutes. This EBCT is longer than conventional operation in the USA and Canada, however the EBCT was used for the study to simulate the longer filtration cycle con- 
Source water nutrient ratio
The source water feeding the full-scale plant and hence the pilot filters had a C:N:P ratio of 100:32:0.2 (Table 1 ).
An approximate C:N:P ratio of 100:10:1 is recommended for heterotrophic bacterial growth in biofilters (Redfield ) , indicating that the source water was nitrogen sufficient and potentially phosphorus limited. To achieve a target C:N:P ratio of 100:10:1, a phosphorus dose of 
0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.00 0.01 ± 0.01 0.01 ± 0.01
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0.02 mg-P/L was added to the feed of the first pilot biofilter (P enhanced filter). Phosphorus addition was added in the form of phosphoric acid. The second biofilter was monitored during the study as the non-supplemented filter (control filter). The P enhanced filter along with the control filter were operated for 40 days prior to the start of the experimental phase to allow for the filter microbial community to re-acclimatize to the feed water of the facility and to the feed water with added phosphorus (after being harvested from the full-scale filters and introduced into the pilot-scale filters).
Experimental plan and analytical methods
After 40 
Statistical analyses
Statistically significant differences in all water quality parameters along with the TTHM fp and HAA5 fp measurements were tested using a student t-test with p-values of less than 0.05 signifying statistical relevance between data collected from the control and P enhanced filters across various filtration times. The student t-test with p-values of less than 0.05 was also used to signify statistical differences in percent biofilm coverage of the filter media and percent live and dead cell coverage of the embedded bacterial biomass.
RESULTS AND DISCUSSION
Constituent concentration Table 1 shows the average and standard deviation of feed and effluent samples measured from the control and P enhanced filters after 0, 24, 48 and 71 h of filtration. Two samples were collected and measured at each filtration time across two filtration cycles, for a total of four samples being analyzed for each filtration time. The concentration of DO showed no statistical difference between the feed and the effluent samples, which supports the small change in DOC observed across the filtration cycle. Further, the lack of significant DO change across the P enhanced filter indicates that phosphorus supplementation did not demonstrate a measurable increase in aerobic, cellular respiration.
No significant difference was observed between the feed and effluent concentrations of NH 4 þ /NH 3 in both the control and P enhanced filters (Table 1 ). The concentration of Table 1 ). The observed differences in feed concentrations between the two pilot filters was due to the two filters being operated off cycle to allow the backwashing of the filters to occur on different days of the week. The DOC concentrations of the influent in the control and P enhanced filters ranged from 3.5 to 4.0 mg/L and 3.5 to 4.0 mg/L, respectively (Table 1) . DOC concentrations of the effluent ranged from 3.2 to 3.9 mg/L and 3.3 to 3.9 mg/L in the control and P enhanced filters, respectively (Table 1) The differences in TTHM fp and HAA5 fp during the filtration cycle in both the control and P enhanced filter varied across the filtration cycle and did not demonstrate a trend with filtration duration (Figure 3 ).
In particular, the measured differences in the TTHM fp in the control filter were statistically similar to the differences in TTHM fp in the P enhanced filter. Hence, Although the percentage of viable cells embedded in the biofilm is statistically greater at depth in the filter bed of the P enhanced filter compared to the control filter, the TOC and DOC removal were not shown to increase with phosphorus enhancement (Table 1) . Furthermore, the DBP fp of the P enhanced filter relative to the control filter was 
CONCLUSIONS
The study investigates the effects of phosphorus addition on clearwell TTHM fp and HAA5 fp in pilot-scale biofilters located at the Britannia drinking water production plant in Ottawa, Ontario, Canada. Both TOC and DOC were removed in the control and P enhanced filters; however, no significant differences were observed between the quantity of TOC and DOC removed in the control and the P enhanced filters. The increased uptake of phosphorus in the P enhanced filter did not correspond to an increased consumption of readily assimilable nitrogen (NH 4 þ /NH 3 or NO 3 À ) or soluble carbon (DOC) and as such, the DOC reduction in the biologically active filters is shown not to be phosphorus nutrient limited. The pilot-scale filters demonstrated an overall reduction in the clearwell TTHM fp in both biofilters indicating that phosphorus supplementation of the dual media filter did not demonstrate a beneficial effect with respect to TOC, DOC or TTHM fp when exposed to the clearwell contact time. Most meaningfully, the clearwell HAA5 fp was observed to increase at specific filtration times in the P enhanced filter, which was not observed in the control filter. Hence this study identifies the potential for the production of HAA5 due to phosphorus supplementation in biofilters and particularly drinking water production plants fed with high quality source water.
The percent coverage of biofilm on the filter media was observed to increase in the anthracite and sand media during phosphorus supplementation. In addition, the viability of the embedded cells on the sand media at depth in the filters was also shown to increase due to phosphorus supplementation. The increase in EPS and attached cell biofilm coverage of the filter media and the enhanced cell viability at depth in the P enhanced filter might contribute to the augmented formation of DBP precursors, by means of bacterially produced biomolecules or the release of biofilm EPS or cells due to phosphorus supplementation and the subsequent augmented formational potential of DBPs.
